Abstract. Metabolomics is the scientific study of chemical processes involving metabolites. Specifically, metabolomics is the systematic study of the unique chemical fingerprints that specifically conveys cell processes. Fetal growth aberrations, including fetal growth restriction and macrosomia, convey the highest risk of perinatal mortality and morbidity, as well as increasing the chance of developing chronic disease in later life. We searched the electronic database PubMed for preclinical as well as clinical controlled studies pertaining to metabolomics analyses of maternal parameters and their influence on fetal growth. It was observed clearly that metabolic profiling/metabolomics approaches in maternal urine samples provide information on early-life exposure and are potentially linked to child health outcomes, in addition to identifying new biomarkers of exposure. This review article is aimed to discuss intra-and inter-individual variations in maternal urine profiles during pregnancy, fetal growth outcomes and environmental sources of metabolic variations. The review concludes that metabolic profiling of mother is a useful tool for the evaluation of influences on the growth of the fetus.
Introduction
The human development timetable is unique compared to other primates (1) . Late brain development is necessary for humans in order to house a large skull and forebrain in adulthood while maintaining a narrow pelvic birth canal required for an upright posture for walking (2) . From the gametes to the embryo and functioning placenta, the information required to develop from a single fertilized cell (zygote) to an autonomous human being is contained in the 35,000 genes of this initial cell. During development, the genetic information is unfolded to control morphologic development. This set of genes consists of chromosomes half of which are from the mother and the remaing half from the father. These chromosomes are combined during the fertilization stage, which is defined as the time when the spermatozoid and the secondary oocyte are in contact. Thirty hours after fertilization the zygote undergoes a series of cleavage divisions maintaining the same total mass (3) . Further cellular division is accompanied by the formation of a small cavity between the cells, forming the blastocyst. In the next days the blastocyst, which is at this stage only a ball of identical cells, starts to develop a polarity and different compartments are formed. The inner cell mass forms the embryo and the other components constitute the placenta and other supporting tissues. The embryo must grow out of the conceptus (to ʻhatch') to continue development and implants into the uterine lining. By that stage, the blastocyst would have travelled down the fallopian tubes into the uterus.
The placenta formation also requires the component of the blastocyst to grow out, the specialized epithelial cells form the outer layer of the blastocyst, and invade the maternal uterine wall. This process is known as trophoblastic invasion. Once the invasion has occurred the development of the uteroplacental circulation system allows the circulatory system of the mother and of the embryo to exchange gases and nutrients through simple diffusion. At this stage the embryo is exposed to sudden high levels of oxygen and needs to produce antioxidant enzymes. Trophoblastic invasion and/or antioxidant reactions are believed to fail in hypertensive disorders such as gestational hypertension and preeclampsia which are the leading cause of maternal mortality in developed countries, accounting for 16% of deaths (4) . Oxidative stress can also affect the normal placental development and perturb nutrient availability later on during fetal growth. The placenta has a vast range of functions that is described briefly below. Most importantly, it allows nutrient exchange between maternal and fetal blood but creates an immune barrier between the fetus and genetically different mother by not allowing direct contact of the two circulatory systems. The placenta acts as the respiratory site for the fetus as well as a site of filtration for plasma nutrients and wastes. This exchange occurs in a way that the fetal blood flows through the umbilical arteries to the placenta, then into finer vessels, capillaries that go through a spongelike material (chorionic villus, analveolus-like structure) where exchange occurs between maternal uterine blood and fetal blood. Replenished fetal blood finally flows into one large umbilical vein that returns to the fetus. The placenta is also the site of hormone secretion that alters maternal physiology and supports fetal growth (3) . Placental size can vary greatly between pregnancies adapting to different environments. For example, at high altitude (>2,500 m) where low oxygen levels are observed, pregnant women present larger placenta relative to fetal size. This is to benefit oxygen diffusion (5) . The placenta is the most important determinant of the fetal environment. During the embryonic period which lasts 8 weeks from the moment of implantation, most organ systems are established, such as the heart, the gastrointestinal tract and the liver, and this with great rapidity. Therefore, it is also the most vulnerable time during pregnancy where most toxic exposures to teratogens result in an ʻall or none effect' (meaning any effect may be so profound as to cause a spontaneous abortion). By the end of the embryonic period, the incidence of malformations that lead to miscarriages decreases from >10 to 1% (6).
Fetal growth outcomes: Definitions and tools for characte rization
Fetal growth restriction (FGR) or intrauterine growth restriction (IUGR) occurs when fetuses fail to achieve their genetically determined weight and size. The ideal weight and size for each individual is complex to determine in clinical settings. In clinical practice, FGR is diagnosed by comparing the birth weight and other length measurements, such as the abdominal or head circumferences at birth and/or during the fetal period (ultrasound measurements), to a population-based growth chart. Small for gestational age (SGA) is generally used as a surrogate for FGR, classically defined as a birth weight <10th percentile, using sex-adjusted centile charts. However, among neonates classified as SGA, only 25% may be constitutionally small according to different studies which determined constitutional variation due to maternal height, weight, paternal height, ethnic group and parity (7) . Customized growth charts were found more likely to detect neonates at risk of perinatal morbidity and mortality than would be detected by a population chart (8) . The challenge for obstetricians is to differentiate constitutionally small fetuses to pathologically growth restricted and intervene with induced premature delivery if necessary. The diagnosis of abnormal fetal growth, and possibly prognostic one, would also be better for postnatal care and provide closer clinical monitoring for subsequent pregnancies. However, 40-80% of FGR cases remain undiagnosed before birth, contributing to high perinatal mortality (9) . In epidemiological settings, simpler metrics have been used to study fetal growth determinants such as continuous birth weight or low birth weight (LBW; <2,500 g) often restricted to the term LBW, which need to be corrected for the gestational age directly or at the stage of the regression modelling with weight determinants by statistical adjustment (10) . Besides IUGR, fetal macrosomia, also defined as large for gestational age (LGA), is characterised by a birth weight above the 90th percentile or authors have variably defined it as a birthweight >4,000, >4,500 or >5,000 g (11) .
Common screening strategies for prenatal outcomes include non-invasive tools such as ultrasonography and serum biomarker screening sometimes in combination with invasive methods such as amniocentesis, for women at risk (>35 years old). For example, second-trimester measurements of α-fetoprotein, human chorionic gonadotropin, and estriol in maternal blood can help identify 60-70% of cases of aneuploidy (abnormal number of chromosomes in a cell such as in Down syndrome). Novel tools to assess chromosomic disorders and alteration in placentation may include the analysis of fetal cell material in maternal blood. At the present time, no biomarkers were found clinically useful and urine biomarkers have remained largely unexplored (12) .
FGR can be classified into two types: asymmetric, which is the most common type, and symmetric. Asymmetric growth can take place if the fetus is subject to reduced oxygen or nutrient supply during the last trimester of pregnancy due to deficient vascular-placental functions. As a result body weight and sometimes length is reduced but the head circumference is maintained as normal. A symmetrical growth restriction consists of an equally distributed growth impairment of the head, weight and length occurring during early pregnancy (13). FGR can have intrinsic origins stemming from fetal conditions such as genetic abnormalities or congenital infections. However, extrinsic aetiologies account for the majority of FGR cases including maternal and placental conditions. In fact, most of the pregnancy complications are believed to be the clinical manifestations of underlying placental ischemia (restriction of blood supply) and utero-placental deficiency (14) . The ischemic placental diseases comprise preeclampsia, FGR, placental abruption and fetal distress. In developing countries FGR is primarily the consequence of low energy intake associated with low BMI and low gestational weight gain. By contrast, in the developed world, FGR is prevalent among women with pregnancy-induced hypertension, smoking habits and poor nutritional status (7) . Previous findings emphasised the importance of maternal diet, such as fruit intake and green leafy vegetable intake on the incidence of FGR (15) . It was also shown that the consumption of fish and the high adherence to a Mediterranean diet among women in the INMA cohort improved birth weight outcomes (16) . By contrast, fetal macrosomia is strongly correlated with high maternal glucose levels and gestational diabetes mellitus (GDM) and often means that the delivery needs to occur through caesarean section.
Advances in estimation of fetal adiposity via ultrasounds also allowed to better distinguish constitutionally to pathologically overgrown babies. Indeed, fetal adiposity, which constitutes only 14% of birth weight, accounts for half of the weight variation observed across a population (17) . Animal studies also demonstrated that fat-free mass at birth shows high consistency across individuals (18) . Determinants of birth weight were shown to account for only 30% of the population variation, and even less for fetal adiposity (17%) including maternal height, pregravid weight, weight gain during pregnancy, education, parity, paternal height and weight, neonatal sex, and gestational age.
Environmental determinants of abnormal fetal growth and longterm consequences
During prenatal and early postnatal life, i.e., during the time of cell differentiation and organ formation, the organism is highly sensitive to environmental constraints such as nutrients, environmental chemicals, drugs, infections and other stressors. This developmental period of plasticity may allow for adaptation to the changing environments in order to maintain or improve health and reproductive capability (14) . However, this environment can also have adverse consequences on later life functions. The fetal origin of adult diseases is believed to play an important role in the progression of non-communicable diseases over the last 40 years such as cardiovascular diseases, obesity and type 2 diabetes, dysfunctions of the reproductive, brain and immune system; although, western lifestyle and genetic background are known to predispose to these diseases (18) . However, the genetic component is believed to play only a small role, estimated to explain 20% of the variation observed in BMI, as based on a recent genome-wide study of 339,224 individuals (19) . In utero exposure to toxic chemicals or to poor or overnutrition can result in clinical manifestations, such as death, birth defects and low birth weight, or more subtle functional changes. Exposures to low doses of environmental chemicals during development, especially those with endocrine activity, can result in functional changes in gene expression, that have no phenotype at birth but that lead to increased risk of disease and dysfunction later in life. This knowledge can have an impact on prenatal care, in the attempt to prevent perinatal outcomes, but also on the understanding and management of chronic diseases.
Evidence suggests that a number of environmental chemicals alter disease susceptibility as a result of prenatal exposure. These include bisphenol A (from polycarbonate plastics), phthalates (softener in plastics) some organophosphate and organochlorine pesticides, nicotine (smoking), air pollution, mercury, perfluorooctanoic acids (stain and water repellents), and polybrominated diphenyl ethers (flame retardants), chemicals that are found in detectable concentrations in blood or urine samples in most individuals. Adverse developmental effects from certain pollutants may be small, for instance drinking water contaminants, but the large number of women exposed means that the population attributable risk is potentially high and may be reduced by appropriate water treatment. The identification of environmental risk factors of FGR and early prognostic biomarkers (i.e., before clinical outcome manifests) would greatly improve obstetric counselling and decision making.
Metabolic profiling
Metabolic profiling has great potential to serve environmental exposure sciences and pregnancy research as a tool to identify intermediate biomarkers linking exposure and outcomes. This original concept was defined previously as the ʻmeet-in-the-middle' approach where preclinical biomarkers correlated with specific exposures in prospective studies may be elevated in cases and support the causal association between exposure and outcomes (20) . Previous findings served as a proof-of-concept where for instance, metabonomic signatures of colon cancer were related to dietary fibre intake in the European Prospective Investigation into Cancer and Nutrition (EPIC) study (21).
Applications of metabolic profiling
Metabolic profiling has been applied in various clinical settings, particularly recently in prenatal care, as well as in epidemiology of chronic diseases and environmental exposures which are discussed below.
Metabolic profiling applied to neonatal research has mainly emerged as a non-targeted approach, to explore potential biomarkers of reproductive outcomes and identify underlying biological mechanisms. Human studies have focused on maternal plasma, amniotic fluid, urine and cervicovaginal excretions. Metabolic analyses of placenta and cord blood provided further information on the placental nutrient transfer especially of amino acids. Preeclampsia, which is characterized by high blood pressure and proteinuria, has been the main focus in metabolic profiling applications in fetal research. Studies investigating fetal growth outcomes, including IUGR and fetal macrosomia, are sparser (22) . A systematic search was conducted looking for studies published in peer-reviewed journals before June 2015 including terms such as ʻmetabolic profiling', ʻmetabonomics' ʻmetabolomics' methods applied in humans during pregnancy only to assess ʻfetal growth', ʻlow birth weight', ʻLBW', ʻintrauterine growth restriction', ʻIUGR', ʻbirth weight'. Horgan et al produced a comprehensive work applying LC-MS-based metabolic profiling in three different studies including in maternal plasma early in gestation and in venous cord plasma in association with SGA. The authors of that study suggested a multifactorial origin of SGA and a potential for a presymptomatic screening test for SGA (22) . The study provided useful insights into potential mechanisms of SGA across species, including general differential change in sphingolipids, phospholipids, carnitines and fatty acids. A general increase of these metabolites was measured in maternal plasma of SGA cases whereas they were decreased in cord blood, demonstrating a failure of the placenta to transfer essential nutrients to the fetus. However, the study size was limited and did not allow controlling for factors known to affect fetal growth such as gestational hypertension and smoking (22) . Another study found similar metabolic signatures of poor pregnancy outcomes including SGA, preterm birth and neonatal intensive care admission in maternal serum in third trimester (23) . Mothers with poor pregnancy outcomes showed differences in plasma levels during the second trimester of pregnancy in lipids (sterols, glycerophospholipids, sphingolipids), steroid hormones (progesterone metabolites) and vitamin D metabolites compared to controls (n=40) (23) . Another recent study using LC-MS on maternal serum in early pregnancy (12-14th weeks) could predict the risk for birthweight >4000 g (n=20) but not LBW (n=19) (24) . Mechanistic insights were provided based on lower levels of phospholipids, lysophospholipids, and monoacylglycerols early in pregnancy in mothers with fetal macrosomia, suggesting an increased transport of lipids to the fetus (also supported by an indirect correlation between placental lipid transporters adipocyte fatty acid-binding protein and maternal free lipids). These three studies were biased towards lipid species as a consequence of applying reversed-phase UPLC-MS, where the majority of polar species, including amino acids and organic acids, cannot be detected.
To the best of our knowledge, there is only one study reporting differences in maternal 1H NMR metabolic profiles from serum/plasma and urine where only 10 IUGR cases were available (25) . Another study analysed maternal blood and cord blood samples from very LBW infants by 1H NMR (n=8) and found metabolic signature of mothers delivering VLBW infants, including decreased levels of acetate and increased levels of lipids, pyruvate, glutamine, valine and threonine (26) . These studies highlighted potential differences in materno-fetal nutrient transfer using cord blood analysis and, probably, short-term changes associated with birth-related oxidative stress. However, these studies showed a lack of consistent classification of SGA/IUGR and focus on a single disease. Indeed, Tea et al (26) compared mothers with VLBW infants to controls where 63% of the cases had hypertension in contrast to 0 among controls. Besides IUGR, fetal macrosomia, defined as LGA, was also the focus of a study using 1H NMR on first trimester maternal urine in 50 participants (27) . Authors of that study found that urinary metabolic profiles differed significantly according to fetal fat disposition in utero with increased levels of taurine, and histidine.
The principal limitation of those studies is the small population size, with between 5 and 60 subjects per group. This limits the transferability of the results to a general population with different ethnicities and/or diets. Small population size also did not allow targeting a single disease or a specific stage of disease. Indeed, clinical disparity between pregnancy outcomes such as FGR, preterm birth, preeclampsia and gestational diabetes should be recognised in studies applying metabolic profiling because of their different aetiologies (28) . In addition, small sample size, prevented control for crucial confounding factors such as maternal smoking or maternal hypertension. In a recent study, we demonstrated the value of urine metabolomics in detecting early markers (at approximately 11 weeks) of preterm birth and FGR in a large nested case-control study with >400 participants (29) . Metabolomics was proven useful also in neonatal medicine, although in small studies, with the ability to further understanding of prenatal life, IUGR outcomes and subsequent development of metabolic diseases.
Metabonomics application in epidemiology of chronic diseases
Genetic programming or single environmental exposure cannot only explain complexity in chronic disease risk factors. Most chronic diseases are the results of gene-environment interactions operating at a population level and at the individual level. Application of metabonomics to investigate the source of phenotypic variations and chronic disease risk factors in large scale cohorts allow invenstigators to simultaneously capture these levels of complexity. Metabolome-wide association studies (MWASs) have emerged as top-down approaches where metabolic phenotypes (the endpoint of physiological changes) are used to explore systematic statistical associations with disease risk factors, in order to generate hypotheses on disease aetiology and further test them in more controlled systems (cell assays, animal models or interventional studies) (30) . Concerns were raised on the clinically predictive potential of metabolic profiles because of its high temporal variability. However, it was shown that 60% (plasma) and 47% (urine) of biological variation in 1H NMR-detectable metabolite concentrations was stable and representative of familial and individual environmental factors (31) . Other recent studies confirmed that the stable component of inter-individual variation or intraclass correlation coefficient, over a 4-month to a year interval was between 0.43 and 0.57 (32) .
Modern epidemiological studies often include the collection of blood and urine samples, which are rich in a wide range of metabolites such as lipids, amino acids, small proteins, bile acids and other intermediate metabolites. Blood specimens are a ʻsnapshot' of the global metabolism at the time of collection but can offer limited information on inter-individual metabolic variation since its metabolite content is under tight homeostatic control (4, 6) . In comparison, urine collection is non-invasive and more cost-effective and might be preferred in certain population (e.g., mother-child cohort). Urine specimens supply a time-averaged view of the global metabolism including end-products of endogenous and exogenous metabolism. Additional non-invasive biological samples may be available such as hair, nails, saliva or placenta in prospective studies although their collection, storage and analytical procedures are less established when compared to urine and blood (32) .
Metabolic profiling and multivariate statistical modelling approaches have successfully been applied to large-scale epidemiological studies of chronic diseases, for example, in the MWAS of the INTERMAP cohort (33) . This prospective study assessed the association between blood pressure and lifestyle factors by obtaining the metabolic phenotype of 4,630 individuals in 17 different population samples from China, Japan, United Kingdom and the United States. Over 10 biomarkers were identified for blood pressure, related to diet, gut microbiota, drug use and host genetic influences. More recently, urinary metabolic signatures of BMI were found in the INTERMAP study (34) . Metabolic profiles (LC-MS) could also predict the development of type 2 diabetes as shown in the Framingham Heart Study (35) . A combination of three amino acids gave a >5-fold higher risk for individuals in the top quartile, which included the branched-chain and aromatic amino acids isoleucine, leucine, valine, tyrosine, and phenylalanine. These findings were validated in multiple studies subsequently (36) .
Metabolic profiling applications were also proven useful in nutritional epidemiology. This approach often strengthens traditional self-reported dietary assessment methods that are subject to recall bias and measurement error and can offer mechanistic insights (37) . From a public health perspective metabonomics can help in identifying modifiable risk factors that contribute to changes in metabolite concentrations related to disease risk. Convincing evidence are coming from reports based on the EPIC study conducted in 10 European countries to investigate the relationship between diet and risk of cancer. Meat and butter intake were both found as direct biomarkers related to colon cancer risk (38) . However, the mean proportion of variation of serum metabolites (by LC-MS; Biocrates) that was explained by habitual diet was small, ranging from 3.6% for amino acids to 7.7% for a choline-containing phospholipid. Interventional nutritional studies offered great validation using metabonomics to find intermediate pathways explaining dietary-related cancer risks. This is best shown by the recent 2-week food exchange study in subjects from the same populations, where individuals of African American descent were fed a high-fibre, low-fat African-style diet and those of rural African descent a high-fat, low-fibre western-style diet (39) . The food changes resulted in notable reciprocal changes in mucosal biomarkers of colon cancer risk and offered insights in aspects of the microbiota and metabolome known to affect cancer risk.
Conclusion
Metabolic profiling in the context of general human population, in contrast to controlled animal studies, can offer great insights into the actual impact of the environment and lifestyle on disease risks taking into account genetic and medical history diversity. Several limitations were identified in the literature in particular the presence of false-positive findings in association studies that use data derived from high-throughput metabolomics technologies.
